Previous reports have documented that cholesterol supplementations increase cytopathic effects in tissue culture and also intensify in vivo pathogenicities during infection by the enveloped coronavirus murine hepatitis virus (MHV). To move toward a mechanistic understanding of these phenomena, we used growth media enriched with methyl-␤-cyclodextrin or cholesterol to reduce or elevate cellular membrane sterols, respectively. Cholesterol depletions reduced plaque development 2-to 20-fold, depending on the infecting MHV strain, while supplementations increased susceptibility 2-to 10-fold. These various cholesterol levels had no effect on the binding of viral spike (S) proteins to cellular carcinoembryonic antigen-related cell adhesion molecule (CEACAM) receptors, rather they correlated directly with S-protein-mediated membrane fusion activities. We considered whether cholesterol was indirectly involved in membrane fusion by condensing CEACAMs into "lipid raft" membrane microdomains, thereby creating opportunities for simultaneous binding of multiple S proteins that subsequently cooperate in the receptor-triggered membrane fusion process. However, the vast majority of CEACAMs were solubilized by cold Triton X-100 (TX-100), indicating their absence from lipid rafts. Furthermore, engineered CEACAMs appended to glycosylphosphatidylinositol anchors partitioned with TX-100-resistant lipid rafts, but cells bearing these raft-associated CEACAMs were not hypersensitive to MHV infection. These findings argued against the importance of cholesterol-dependent CEACAM localizations into membrane microdomains for MHV entry, instead suggesting that cholesterol had a more direct role. Indeed, we found that cholesterol was required even for those rare S-mediated fusions taking place in the absence of CEACAMs. We conclude that cholesterol is an essential membrane fusion cofactor that can act with or without CEACAMs to promote MHV entry.
The infectivity of enveloped viruses often depends on the lipid composition of host cell membranes. For example, infection by certain alphaviruses, such as Semliki forest virus, requires both cholesterol and sphingolipids (38, 57, 86) . Certain retroviruses and filoviruses use cholesterol-rich membrane microdomains as platforms for assembly and/or cell entry (6, 20, 31, 60) . Cholesterol is an abundant and essential component of eukaryotic cell membranes. Its rigid and hydrophobic fusedring structure preferentially associates with saturated acylchain lipids to form liquid-ordered microenvironments in the plasma membrane (72) . These so-called lipid rafts are thought to exclude numerous integral membrane proteins while effectively concentrating others that can adopt favorable associations with the ordered, cholesterol-rich environment (11, 37, 69) .
The cellular receptors for a few enveloped and nonenveloped viruses are known to reside in lipid rafts (5, 41, 62, 78) . Viruses may exploit these localized cell surface proteins to facilitate rapid multivalent interactions with the host cell. The ensuing high-avidity binding and positive cooperativity may promote productive virus entry (18, 83) . Raft-like environments may also serve as portals for virus entry into distinct intracellular organelles; for example, the caveolar endocytosis of simian virus 40 precedes its transport into the endoplasmic reticulum lumen (61) . Finally, during enveloped virus entry, the lipid components of these rafts may participate directly during coalescence with the virion membrane. For example, cholesterol has a role in promoting and stabilizing the local bilayer bending that takes place during membrane fusion (16, 27, 32, 66) . Indeed, the composition of opposing lipid bilayers can generally determine whether protein-mediated membrane fusion is successfully completed, as evidenced by the behavior of lipids, such as lysophosphatidylcholines, which arrest enveloped virus entry at intermediate states where opposing membranes remain unmixed yet tethered by the two ends of a single polypeptide (30, 51) .
Changes in the lipid composition of cellular membranes can have pronounced effects on the outcome of coronavirus infection. This was first documented in tissue culture, where the syncytia expanding from foci of murine hepatitis virus (MHV) infection were substantially larger after cholesterol supplementations (13, 19, 67) . Subsequent in vivo experiments established correlations between cholesterol-rich diets and susceptibility of mice to pathogenic MHV infection (9) . We have been intrigued by these observations, in part because our ongoing studies have revealed considerable variability in the efficiency of MHV-induced membrane fusion (42) . Such variability has often been unrelated to the abundance of carcinoembryonic antigen-related cell adhesion molecules (CEACAMs) on host cells, a cellular receptor for MHV (22, 87, 88) . With the hypothesis that these variabilities arise because MHV-induced membrane fusion (and consequent syncytial development) requires specific lipid cofactors in addition to CEACAM receptors, we sought to understand how cholesterol augments MHV entry. 6 adherent cells in 10-cm 2 dishes at ϳ70 to 80% confluency for 30 min at 37°C (40, 73) . Cells were then rinsed three times with 2 ml of phosphate-buffered saline (PBS) to remove residual membrane-impermeant M␤CD (1, 59) . Total cell cholesterol contents before and after cholesterol depletions were measured from cell lysates using the Amplex red cholesterol assay from Molecular Probes, which detects the hydrogen peroxide product of a cholesterol oxidase enzyme reaction (4) . Following cholesterol extractions, SFM containing serial dilutions of MHV or VSV were then applied to cells for 1 h at 37°C, followed by an additional three rinses with PBS. Cells were prepared for plaque development, and plaques were enumerated 2 to 3 days later after the cells were fixed with formalin and stained with crystal violet in saline and ethanol. Alternatively, M␤CD was applied to cells from 2.5 to 3 hpi after rinsing off adsorbed virus inocula. The cells were then processed for plaque assay.
Virion-cell binding. HeLa-CEACAM cells were exposed to M␤CD or cholesterol-M␤CD as described above, rinsed three times with ice-cold PBS, chilled to 4°C, and overlaid with radiolabeled MHV. Virus was metabolically labeled from ϳ12 to 15 hpi (after starving the cells in cysteine-and methionine-free medium) in MHV (A59)-infected 17 cl 1 cells cultured in SFM with 1% dialyzed ⌬FBS containing 100 Ci of [
35 S]Cys/Met Translabel (ICN). 35 S-labeled MHV A59 was harvested from the above infected cell cultures and placed over 30 and 50% (wt/wt) sucrose layers in HNB (50 mM HEPES, 100 mM NaCl, 0.01% [wt/vol] BSA [pH 7.4]). Virions were subjected to ultracentrifugation in a Beckman SW41 rotor and collected from the 30/50% sucrose interface as described before (25) . Radiolabeled virions were subsequently concentrated by pelleting through 30% sucrose, and pellets were resuspended in SFM. 35 S-labeled MHV A59 (5 ϫ 10 5 cpm) in 1 ml of SFM containing 0.01% BSA was applied to cyclodextrin (CD)-treated or untreated HeLa-CEACAM or HeLa-CEACAM GPI cells, incubated to equilibrium (2 h at 4°C), and then removed. Cells were rinsed three times with ice-cold PBS and dissolved with PBS containing 0.5% Nonidet P-40 (NP-40), and radioactivity associated with the lysates and media was quantified by scintillation counting to determine the percentage of cell-associated MHV.
Qualitative and quantitative fusion assays after cholesterol treatments. Microscopic inspection of MHV-induced syncytia after cholesterol treatments was performed after cultivating cells for ϳ1 h with cellular fluorescent probe Cell Tracker green CMFDA (5-chloromethylfluorescein diacetate) at 2 M in SFM or octadecylrhodamine (R18) at 2 g/ml in SFM, per Molecular Probes. Unincorporated CMFDA and R18 were rinsed away from cells prior to CD treatments. Alternatively, CEACAM-independent cell-cell fusion was visualized through a variation of the cell fusion-dependent reporter gene activation assay of Nussbaum et al. (58) . Target HeLa cells were transiently treated with Lipofectamine (Invitrogen) with the reporter gene pTM3-eGFP for T7 RNA polymerase-driven expression of enhanced green fluorescent protein (eGFP) (14, 54) . After transfection, target cells were treated with M␤CD for 30 min, rinsed, and placed over spike-bearing effector cells that had previously been infected with vTF7.3 (T7 RNA polymerase) (24) and vTM1-S JHM (26) (as also described below). Photomicrographs were taken after effector-target cell-cell fusion and subsequent intercellular transfer of T7 RNA polymerase and T7-driven expression of eGFP. Images were captured by using Magna Fire software with a Leica DM-IRB inverted microscope fitted with an Optronics charge-coupled device camera. Reporter gene activation of eGFP was not effected by M␤CD treatments of cells that had previously been transfected with pTM3-eGFP and subsequently infected with vTF7.3. Cholesterol extractions after M␤CD treatment were monitored in parallel after previously cultivating cells overnight in tritium cholesterol ( [1, [2] [3] H(N)]-cholesterol; Perkin-Elmer Life Sciences catalog no. NET-139) and measuring cell-and clarified-medium-associated radioactivity with a Beckman scintillation counter.
The cell fusion-dependent reporter gene (␤-galactosidase) activation assay of Nussbaum et al. (58) was adapted for quantitative studies of spike-mediated membrane fusion. To measure virion-mediated intercellular fusion (fusion from without) (25) , parallel HeLa-CEACAM cultures were infected separately with vTF7.3 and vCB21R-lacZ (T7-driven ␤-galactosidase) (3), each at 2 PFU per cell. Six hours later, both cultures were exposed to graded doses of M␤CD and then rinsed as described above. Cells from both cultures were removed from the wells with trypsin, diluted in DMEM with FBS, and then mixed together. Cocultures were centrifuged at 500 ϫ g, and cells were resuspended to 10 6 cells/ml in 17 cl 1 medium containing MHV A59 (multiplicity of infection [MOI] of ϳ10 to 100 PFU per cell) and immediately repelleted and added back to tissue culture wells (5 ϫ 10 5 cells per 5-cm 2 well). At hourly intervals, media were removed from these wells, and cells were lysed with PBS containing 0.5% NP-40. ␤-Galactosidase was quantified in each lysate using a colorimetric assay measuring turnover of chlorophenyl red ␤-galactopyranoside (CPRG) at an optical density of 590 nm. Reporter gene activation of ␤-galactosidase was not effected by M␤CD treatments of cells that had previously been coinfected with both vTF7.3 and vCBR21R-lacZ.
To quantify S-mediated cell-cell fusion (spike protein from cDNA clones), effector (spike-bearing) cells were generated by coinfection with vTF7.3 and vTM1-S JHM-X (26), each at 2 PFU per cell. Target cells (either HeLa, HeLa-CEACAM, or HeLa-CEACAM GPI ) were coinfected with vaccinia virus WR and vCB21R-lacZ, each at 2 PFU per cell. At 6.5 hpi, target cells were exposed to graded M␤CD doses as described above. Target cells were subsequently washed in PBS, trypsinized, rinsed in DMEM-10% ⌬FBS, pelleted, resuspended in SFM, and then placed over effector cells at a 1:1 ratio. Cell lysates were subsequently measured for ␤-galactosidase as described above.
Preparation, isolation, and assessment of TX-100-insoluble membranes. To evaluate the buoyant densities of CEACAMs after nonionic detergent extractions, uninfected HeLa-CEACAM or -CEACAM GPI cells were rinsed with icecold PBS and chilled to 4°C. To ϳ10 7 adherent cells, 1 ml of cold TNE (50 mM Tris-HCl [pH 7.4], 100 mM NaCl, 1 mM EDTA) containing 0.2 or 1% (vol/vol) Triton X-100 (TX-100) was added and kept at 4°C for 30 min. Cell extracts were passed five times through a 27-gauge needle and subsequently pelleted (700 ϫ g for 5 min). Postnuclear supernatants were mixed with equal volumes of 80% (wt/vol) sucrose in TNE containing 0.2 or 1.0% TX-100 and protease inhibitors (Sigma protease inhibitor cocktail P2714). Samples were placed in ultracentrifuge tubes and overlaid sequentially with 7 ml of 38 or 30% (wt/vol) and 2.5 ml of 5% (wt/vol) sucrose in TNE (70) . Following centrifugation at 4°C for 18 h at 285,000 ϫ g in a Beckman SW41 rotor, 1.3-ml fractions were collected from the air-gradient interface, and aliquots were mixed with solubilizing buffer ( (65) and quantified using Scion software (Scion Corporation).
To assess the solubilization and fractionation of cell membranes during preparation of detergent-resistant membranes (DRMs), the transferrin receptor and ganglioside GM1 standards were assayed in parallel to probes for CEACAMs (33) . Transferrin receptor was detected by immunoblotting with anti-human transferrin receptor (clone H68.4) (catalog no. 13-6800, Zymed Laboratories, Inc.) and then with alkaline phosphatase-conjugated, affinity-purified goat antibody to human immunoglobulin G (IgG) Fc (Cappel catalog no. 59289). Ganglioside GM1 was detected after dot blotting with cholera toxin-peroxidase (Sigma) and tetramethylbenzidine-stabilized substrate for horseradish peroxidase from Promega (catalog no. W4121). To measure the cholesterol content in DRM fractions, cells were labeled with [1, [2] [3] H(N)]cholesterol overnight prior to DRM extraction. The total cholesterol content in each sucrose gradient fraction was quantified by scintillation counting.
In assays designed to specifically detect only those CEACAMs on the plasma membrane, HeLa-CEACAM TM or HeLa-CEACAM GPI cells were overlaid with 35 S-labeled S1 (45) for 2 h at 4°C, washed with PBS, extracted with TNE containing TX-100, and fractionated as described above. The amounts of 35 Slabeled S1 in sucrose gradient fractions were determined by scintillation counting. Alternatively, cell surface-associated CEACAMs were detected after surface biotinylation with NHS-LC-biotin from Pierce (catalog no. 21335). Cells were suspended in a minimal volume of PBS (pH 8.0), biotinylated (1 mg/ml biotin) at 4°C for 20 min, and rinsed three times in cold 50 mM Tris-containing buffer at a pH of 8.0 to quench unreacted biotin. Cells were subsequently rinsed with ice-cold PBS and subjected to TX-100 extraction and fractionation as mentioned above. Biotinylated proteins were captured with streptavidin-agarose beads and processed for immunoblotting as described above.
Engineering GPI-anchored CEACAMs and initial characterizations of CEACAM GPI -bearing cells. The open reading frame of the extracellular CEACAM1a ectodomain was fused upstream of the glycosylphosphatidylinositol (GPI)-coding signal sequence of human carcinoembryonic antigen (CEA) to create the chimera CEACAM GPI (21, 71) . The CEA-GPI cleavage or attachment (omega) site was amplified from CEA (American Type Culture Collection catalog no. 587150, GenBank accession no. M17303) with an upstream oligodeoxyribonucleotide encoding part of CEACAMecto fused in frame to the GPIencoding region of CEA as indicated: 5Ј C TCA GAT-AGC ATC ACA GTC TCT GCA TCT GG (the hyphen demarcates the junction between CEACAM and CEA-GPI). The resultant CEA-GPI PCR fragment was fused to CEACAMecto via overlap extension PCR (36) , and the intended CEACAMecto-CEA GPI junction was confirmed after sequencing on an ABI Prism 3100 genetic analyzer. Transmembrane (TM)-anchored CEACAMs were amplified in parallel, and constructs were shuttled into pTRE2hyg from Clontech. HeLa-tTa cells (G418 resistant) were treated with Lipofectamine with either pTRE2hyg-CEACAM TM or pTRE2hyg-CEACAM GPI , and stable G418-and hygromycin B-resistant clones were isolated via limiting dilutions and fluorescence-activated cell sorting on a FACStar Plus. Mean fluorescent intensities of cell surface CEACAMs were measured by indirect immunofluorescence flow cytometry of trypsinized cells on a FACS Calibur using rabbit antisera to N-CEACAM-Fc and fluorescein-conjugated goat IgG directed against rabbit IgG (Cappel catalog no. 55646). The presence of GPI anchors was authenticated as described elsewhere (71) by incubating CEACAM GPI -bearing cells with phosphatidylinositol-specific phospholipase C (PI-PLC) (Sigma catalog no. P-5542) and detecting cell-liberated CEACAM ectodomains via immunoblotting with anti-N-CEACAM-Fc from a 10-fold concentrate of cell supernatants (concentrated via an Amicon Centricon filtration device with a molecular size cutoff of 30 kDa). HeLa CEACAM TM (clone CM5) and HeLa CEACAM GPI (clone GM3) displayed similar cell surface CEACAM mean fluorescent intensities by flow cytometry and were assessed in parallel to measure susceptibilities to MHV infection and membrane fusion.
RESULTS
Cholesterol levels can determine cellular susceptibility to MHV infection. Numerous studies have demonstrated that cell cultures exposed to M␤CD, a well-studied cyclic polysaccharide that specifically chelates cholesterol (39) , become resistant to infection by a variety of enveloped viruses (7, 49) . That MHV infection might also be sensitive to M␤CD was suggested by the results of previous studies indicating that cholesterol-supplemented murine cells were hypersensitive to MHVinduced syncytia (13, 19) . Thus, we exposed murine 17 cl 1 fibroblast monolayers to increasing doses of M␤CD for 30 min at 37°C. At the highest concentration (20 mM), this M␤CD exposure removed ϳ40% of total cell cholesterol, as determined by the Amplex red cholesterol assay (4). This treatment had no deleterious effect on cell growth rate, adherence, or permeability to trypan blue (data not shown). Exposure to M␤CD immediately prior to MHV inoculation had a suppressive effect on plaque development (Fig. 1A) . By contrast, the same M␤CD exposures after viral adsorption (2.5 to 3 hpi) had no effect, indicating that the drug treatments did not irreversibly arrest the replicative events occurring during the eclipse phase. Infections by cholesterol-independent VSV were unaffected by the M␤CD treatments (Fig. 1A) . We also supplemented cholesterol in 17 cl 1 cells by applying CD-solubilized cholesterol (10 to 100 g/ml) for the 30 min immediately prior to MHV inoculation. This treatment resulted in increases in the plaque number of 2-to nearly 10-fold; the plaques were also distinguished by their larger size and clear centers (Fig.  1B) . Thus, it is likely that cholesterol acts as an MHV entry cofactor, and it is also likely that the M␤CD-induced resistance to MHV infection results from the absence of cholesterol per se, not from hypothetical indirect effects of the cholesterol extraction process (Fig. 1A) . These general cholesterol-dependent effects on MHV infection were also observed in the murine cell lines DBT, sac-, and the human HeLa-CEACAM line.
Sensitivity to cholesterol extraction varied moderately with virus strain. Strain A59-derived plaques developed even at high M␤CD doses (Fig. 1C) . We attributed these plaque developments to the long-term maintenance of the inoculated particles on cell surfaces, which presumably generated infections once the M␤CD-treated cells repleted their membrane cholesterol via endogenous sterol synthesis pathways. Consistent with this notion, we found that residual A59 infectivity was eliminated by incubation with proteinase K, which removes cell surface viruses (data not shown). The more M␤CD-sensitive MHV-JHM likely lacked this cell surface stability. Indeed, JHM is a well-known thermolabile strain that rapidly loses infectivity at physiologic pH and temperature (42, 79) , particularly when associated with CEACAM receptors (50) .
Extraction of cholesterol from target cells blocks MHVinduced membrane fusion. That cholesterol levels specifically influence MHV entry at the virus-cell membrane fusion stage was tested using quantitative virus-receptor binding and viruscell fusion assays (25) . In these assays, we used MHV A59, a thermostable strain with robust growth characteristics (82) and HeLa-CEACAM cells, stable transfectants that display up to 300,000 CEACAMs per cell (64) . Exposing these cells to M␤CD or cholesterol-M␤CD complexes did not change their capacity to bind 35 S-labeled A59 particles (Fig. 2) , nor did the treatments alter cellular morphology or cell-cell contacts (Fig.  3A) . However, A59-induced intercellular fusions were arrested by M␤CD and enhanced by cholesterol (Fig. 3) . Thus, the CEACAM-bound A59 virions could not develop intercellular fusion pores after cholesterol depletion from the target cell plasma membranes.
Distribution of CEACAMs after cells were treated with cold TX-100. Our data suggested that MHV entry required that both CEACAMs and cholesterol cluster together in plasma membranes, so we looked at whether CEACAM receptors 2684 THORP AND GALLAGHER J. VIROL.
might colocalize with cholesterol-rich membrane microdomains in susceptible cells. While the integral-membrane CEACAMs have no obvious features that might suggest their concentration into cholesterol-rich membranes (52), cell adhesion molecules are often found localized in lipid rafts (53, 56) . Membrane microdomains enriched in cholesterol and sphingolipid are distinguished by their resistance to solubilization in cold TX-100. These TX-100 DRMs are readily separated in sucrose gradients from the much larger fraction of detergent-soluble cellular material by virtue of their low lipid densities (11) . By the criteria of 1% TX-100 insolubility and low density in sucrose gradients, CEACAMs were not raft associated (Fig. 4) . To determine whether DRMs were in fact isolated, we detected ganglioside GM1 in gradient fractions using a cholera toxin-peroxidase conjugate. Greater than 70% of GM1 was in raft fraction 3. By contrast, the raft-excluded transferrin receptor remained in fractions 9 to 11, completely solubilized and at the bottom of the gradient.
To address the possibility that our lysis conditions disrupted weak interactions between DRMs and CEACAMs, we reduced TX-100 concentrations to 0.2%, a concentration often used to prepare DRMs from various cell lines (28) . Under these more gentle conditions, we did isolate DRMs harboring small amounts (ϳ10%) of the CEACAMs (Fig. 5A, top blot) . Through cholesterol supplementation or depletion, the relative proportion of these DRM-associated CEACAMs could be predictably varied. Supplementations with cholesterol-rich media increased the proportion of low-density (lipid-associated) CEACAMs to ϳ20%, while depletions through M␤CD extraction effected solubilization (Fig. 5A, CHOL and CD blots) .
To determine whether the Western blot signals reflected the proportion of cell surface CEACAMs, we incubated HeLa-CEACAM cells with 35 S-labeled S1, the receptor-binding subunit of MHV (43), then lysed the cells with our low concentration of 0.2% TX-100, and fractionated the cellular material on gradients. About 10% of the 35 S-labeled S1 was found in DRM fractions 3 to 6 (Fig. 5B) , consistent with the distribution of CEACAMs determined by Western blotting. These fractions contained about 30% of total cellular cholesterol, as measured by the distribution of [ 3 H]cholesterol in radiolabeled cells (Fig. 5B) .
Using the results when 0.2% TX-100-resistant membranes were fractionated, we began to identify relationships between Relocalizing CEACAMs into DRMs does not increase susceptibility to MHV infection. Results depicted in Fig. 5 suggested that the CEACAMs in cholesterol-rich DRMs might serve as preferred sites for MHV entry. If this were true, then cells with clustered, DRM-associated CEACAMs might exhibit hypersensitivity to MHV infection. We sought to create this type of CEACAM localization by replacing the CEACAM transmembrane and cytoplasmic tail (TM/CYTO) region with sequences specifying posttranslational addition of GPI. The GPI moiety has a well-known predilection for cholesterol-rich DRMs (10) , and this strategy to relocalize viral receptors on plasma membranes has been used to determine whether human immunodeficiency viruses might enter through DRMs (20) . In addition, several human CEACAMs are in fact GPI anchored (74) , making it likely that GPI-anchored murine CEACAM1a would support MHV entry and have potential relevance to understanding entry of human coronaviruses in cells (55) .
To generate CEACAM GPI , cDNA encoding the CEACAM1a ectodomain was fused to the portion of human CEA cDNA encoding those residues specifying the addition of GPI (Fig.  6A) . Plasmid DNAs encoding either TM-or GPI-anchored forms were treated with Lipofectamine, overlaid on HeLa cells, and drug-resistant clones were isolated. To assess cDNA expression, several clones were incubated with anti-CEACAM antibodies and subjected to flow cytometry. TM and GPI clones with equivalent CEACAM levels were selected for subsequent comparative analyses (Fig. 6B) . In an effort to more closely represent physiologic conditions, we chose to focus on cell lines whose CEACAM levels were substantially lower (ϳ10-fold lower [fluorescence-activated cell sorting data not shown]) than the HeLa-CEACAM line used in our previous experiments (Fig. 2 to 5 ). Using these selected clones, we then were incubated with HeLa-CEACAM cells that had been prepared for cell fusion-dependent reporter gene activation, as described in Materials and Methods. Cells were rinsed with PBS, A59 virions were applied (MOI, ϳ10), and reporter gene product ␤-galactosidase enzyme activities in lysates were quantified by measuring CPRG substrate turnover at an optical density of 590 nm (OD 590).
FIG. 4. Distribution of CEACAMs after cell fractionation in 1%
TX-100-containing sucrose gradients. HeLa-CEACAM cells were chilled to 4°C and dissolved in 1% TX-100. Postnuclear supernatants were adjusted to 40% sucrose and layered underneath 30 and 5% sucrose. Samples were spun to equilibrium, and CEACAMs in gradient fractions were detected by Western immunoblotting using CEACAM antiserum. The positions of the molecular mass markers (in kilodaltons) are indicated to the right of the blot. The distributions of ganglioside GM1 and transferrin receptor were identified using cholera toxin-peroxidase and antitransferrin antibodies, respectively. TfR, transferrin receptor. 35 S-labeled MHV, as described previously (Fig. 2) , to measure virus-binding capacities. HeLa cell clones with equivalent CEACAM surface levels, as determined by flow cytometry, bound equivalent amounts of 35 S-labeled MHV particles (Fig. 6C, hatched bars) , indicating that the membrane-tethering structure (TM protein or GPI lipid) had no measurable effect on the abilities of CEACAMs to bind viruses. Next, to confirm the existence of the GPI anchor, clones were incubated with PI-PLC prior to the addition of 35 S-labeled MHV. PI-PLC treatments specifically reduced MHV binding to HeLa-CEACAM GPI cells (Fig. 6C ). This finding was in accordance with PLC-mediated release of CEACAMs specifically from the HeLa-CEACAM GPI cells, as evidenced by the presence of soluble receptor ectodomains in media (Fig. 6C) .
Using these characterized HeLa cell clones, cell surface proteins were biotinylated, 1% TX-100 extracts were prepared, 35 S-labeled S1 was bound to cells prior to detergent extraction and processing as described above. In parallel, cells labeled overnight with [ 3 H]cholesterol were chilled and processed as described above to determine the distribution of cholesterol in gradient fractions. 35 S-labeled S1-specific and and the distribution of plasma membrane-and DRM-associated CEACAMs was determined by immunoblotting of sucrose gradient fractions (Fig. 7) . As predicted, CEACAM GPI was largely detergent insoluble (ϳ70% in low-density fractions 3 to 9), while CEACAM TM was entirely soluble (100% in fractions 10 and 11). This pattern of CEACAM GPI distribution was similar to that observed in previous studies in which other proteins were appended to GPI and monitored for their TX-100 insolubilities (5, 17) . Using the method of 35 S-labeled S1 complexing prior to DRM preparation (Fig. 5B) , we confirmed that these Western immunoblot profiles reflected the distribution of CEACAMs capable of virus binding (data not shown). In a critical test of our hypothesis, cell lines were then inoculated with MHV. Somewhat surprisingly, both the TM-and GPI-anchored lines were nearly equivalent in their support of plaque development (Fig. 8A ), but plaques expanded to larger sizes on the HeLa-CEACAM TM monolayers. Consistent with this expanded cell-to-cell spread, we found that the activities of CEACAM TM cells were greater than those of CEACAM GPI cells in cell-cell fusion assays (Fig. 8B) . Thus, it appeared that, relative to TM anchors, GPI tethers moderately reduced the effectiveness of receptor-triggered cell-cell fusion but had little if any effect on virion binding, uptake, and productive infection. These findings, unlike those reported for HIV (20) , argued against the hypothesis that cholesterol augments virus infection by clustering cellular receptors into DRMs.
To further distinguish the requirements for cholesterol during infection of the different HeLa cell lines, we reduced or elevated cholesterol levels prior to MHV inoculation and then monitored plaque development. Our results consistently revealed that, relative to the standard HeLa-CEACAM TM lines, the changing cholesterol levels profoundly altered the susceptibilities of the CEACAM GPI lines (Fig. 8C) . This was most pronounced during infections with strain JHM, the most cholesterol-sensitive strain (Fig. 1) . Here, CD treatments rendered the CEACAM GPI cells profoundly resistant to infection (nearly 500-fold [ Fig. 8C]) , whereas infections of CEACAM TM cells were reduced only ϳ10-fold after the same treatment. Notably, these different cholesterol conditions did not affect virus-cell recognition, as determined by binding of metabolically radiolabeled virions to cells treated with cholesterol or CD (data not shown). Thus, infection through GPI-linked receptors is unusually sensitive to the target lipid environment. This observation may be relevant to coronavirus infection through receptors, such as the proposed GPI-linked brain CEA (15) .
Cholesterol extraction blocks S-mediated membrane fusion even in the absence of CEACAM receptors. Our findings suggested that CEACAMs and cholesterol-containing membranes are both required for MHV infection and that colocalization of these two factors augments virus entry. However, it remained unclear whether cholesterol-containing membranes were required in a CEACAM-mediated virus entry process or whether the cholesterol-rich target membranes were directly required for fusion with MHV virion membranes, independent of any activation by CEACAMs. Fortunately, we could determine whether cholesterol is directly required for fusion using variant MHV S proteins that activate spontaneously. Cell-cell fusion mediated by the S proteins from MHV strain JHM can activate spontaneously in the absence of CEACAMs (50, 81), presumably by virtue of their inherent conformational flexibility (42) .   FIG. 7 . Distribution of cell surface CEACAM GPI in 1% TX-100-containing sucrose gradients. Cell surface proteins were biotinylated, and cells were then treated with cold 1% TX-100. Extracts were fractionated in sucrose gradients, biotinylated proteins were captured from gradient fractions with streptavidin-agarose, and TM-and GPI-anchored CEACAMs were visualized by immunoblotting after SDS-polyacrylamide gel electrophoresis. The position of the 110-kilodalton molecular mass marker is indicated to the right of the blot. -TM) , or HeLa-CEACAM GPI (CAM-GPI) target cells were cocultivated with S-bearing effector cells. At 30-min intervals, the cells in the cocultures were lysed, and cell fusion-activated ␤-galactosidase enzyme activity in the lysate was quantified by measuring CPRG substrate turnover at an optical density of 590 nm (OD 590). (C) Cells bearing either TM-or GPI-anchored receptors were cultivated in CD (5 or 10 mM) or cholesterol (CHOL) (10 or 100 g/ml) for 30 min at 37°C. Monolayers were subsequently rinsed, and infectivity was determined by plaque assay. The fold difference in PFU/ml was calculated relative to cells cultured in SFM alone.
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on March 14, 2015 by UNIV OF MASS MED SCH http://jvi.asm.org/ cDNAs encoding S JHM were expressed in a variety of nonmurine cell lines, and syncytia developed to highly variable extents. However, in all cell lines tested, foci were more pronounced in parallel cultures that had been pretreated with cholesterol. Conversely, syncytia never formed in cultures exposed to M␤CD. These findings were documented by visualizing fusion-dependent reporter gene (eGFP) expression (Fig.  9 ). In these assays, cholesterol was extracted from target cells with graded doses of M␤CD, and the cells were then cocultivated with effector cells expressing the S JHM proteins. The extent of cholesterol extraction achieved by the M␤CD treatments was measured in parallel cultures labeled with [ 3 H]cholesterol. Our results indicated that S-mediated membrane fusion was arrested once about 50% of cellular cholesterol was removed from target cells. This block to fusion was achieved entirely by cholesterol extraction of target cell membranes that were devoid of murine CEACAMs, strongly suggesting that cholesterol itself is a fusion cofactor residing in target cell membranes.
DISCUSSION
The in vitro dissemination and in vivo pathogenesis of MHV infections are affected by changing cholesterol concentrations (9) . This study was undertaken to explain the underlying mechanisms of this lipid requirement. We quickly determined that the MHV-cell membrane fusion process was specifically inhibited or augmented by cholesterol depletion or supplementation, respectively, placing this coronavirus into a relatively large group of otherwise unrelated viruses whose members include Sindbis virus (46) , HIV (31, 49, 62) , Ebola virus (6, 23) , and more recently herpes simplex virus (7) . The cholesterol requirement during virus entry raises the question of whether lipid rafts comprise entry sites, as typical rafts are relatively thick, liquid, ordered bilayers heavily enriched in sphingolipid and cholesterol (12) . Therefore, we focused on the MHV receptor CEACAM and its distribution on the plasma membranes of MHV-susceptible cells, anticipating a predominant colocalization with cholesterol-rich rafts. After all, receptors for several cholesterol-dependent viruses appear to reside largely in rafts (5, 41, 62) . However, by biochemical subcellular fractionation, we found no compelling evidence for raft-associated CEACAMs. Furthermore, when CEACAMs were engineered with GPI anchors so that they did cluster into rafts, we found no significant change in the susceptibility to infection by virions. Therefore, in our experimental systems, it appears that MHV can enter through traditional detergent-resistant lipid raft microdomains and through nonraft membranes as well. We suggest that specific subcellular receptor localizations provide little advantage to MHV entry, because the natural levels of cholesterol in membranes surrounding both raft and nonraft CEACAMs are sufficient to complete the virus-cell membrane fusion process.
Fate of CEACAM-associated MHVs. When the levels of cholesterol in plasma membrane were reduced in these studies by extraction with M␤CD, infections were blocked, and MHV-JHM, a strain exhibiting rapid virus-cell fusion kinetics (42) was distinctly disadvantaged. In our experiments, virions bound effectively to the CEACAMs on cholesterol-depleted cells, and we allowed these CEACAM-bound particles to remain as endogenous cholesterol synthesis returned cell membranes to homeostasis, a process requiring about 2 h in BHK cell cultures (34) . Despite the cholesterol repletion, infection did not occur, suggesting that CEACAM-associated MHV particles had advanced to an irreversibly inactivated state(s) when juxtaposed near cholesterol-depleted target cell membranes. However, this irreversible inactivation was strain specific and most clearly pronounced when the JHM strains were tested (Fig. 1C) . We initially assumed that the infection failures that were so prominent with strain JHM resulted from virus "elution," a previously documented temperature-dependent process whereby particles release from CEACAMs, leaving their noncovalently associated, peripheral S1 fragments behind (26) . JHM viruses shed into media would be S1 depleted and incompetent for subsequent entry attempts, thus accounting for reduced infectivity (Fig. 1C) . However, this hypothesis could not explain the equivalent inactivation of strain JHM-X, which has stable linkages with S1, even when associated with CEACAM receptors at 37°C, and thus does not "elute" (26) . Therefore, a more plausible view is that without cholesterol in target membranes, CEACAM-associated virions undergo conformational changes that do not bring about membrane fusion but rather generate a permanently inactive virus structure that eventually denatures or degrades within the host cell or on its surface. Hypersensitivity of JHM strains to cholesterol limitation would thus be explained by their rapid rates of inactivation following CEACAM engagement. The MHV A59 strain, being less responsive to CEACAM binding, presumably can remain infectious long enough to localize near a target membrane whose lipid composition permits fusion. This conceptual framework suggests that different target cell lipid compositions place selection pressure on coronaviruses, creating strains that vary in their threshold and kinetics of CEACAM-induced fusion activation. The JHM strain, selected for growth in the cholesterolrich central nervous system (85) , does exhibit unrestricted S-mediated fusion activity (81) . This viewpoint may also shed light on the results of previous studies demonstrating that certain CEACAM-positive tissue cultures can exhibit resistance to the JHM, but not the A59 strain of MHV (87, 88) . Such cultures may have cholesterol contents below those required for efficient entry of the JHM strain. Potential importance of lipid rafts during MHV entry. Our finding that little if any CEACAM copurified with TX-100 DRMs (Fig. 4 ) must be interpreted with the understanding that lipid rafts are dynamic structures and that CEACAMs may have considerable lateral mobilities in plasma membranes. Thus, it is possible that viruses bound to CEACAMs outside lipid raft microdomains might drift into the cholesterol-rich raft regions suitable for productive membrane fusion or by contrast undergo unproductive and irreversible conformational changes. The cholesterol supplementations that increase susceptibility to infection (Fig. 1) would thus be explained by the relocalization of CEACAMs into lipid rafts (Fig. 5) . In the absence of cholesterol supplementation, the majority of virus entry events would be abortive, given the preponderance of CEACAMs outside rafts and the relatively short time that infectivity remains after CEACAM binding. Perhaps this is the case, as the particle-to-PFU ratios for MHV preparations are generally considered to be extraordinarily high, particularly for the JHM strain.
However, retargeting CEACAMs to rafts through GPI anchoring did not enhance viral infectivity or membrane fusion, in striking contrast to analogous studies in which the raft relocalization of CD4 augmented infection by cholesterol-dependent HIV (20) . Our measurements of CEACAM-induced MHV fusion revealed that the GPI-anchored CEACAMs were actually inferior activators (Fig. 8B) . One explanation for this diminished fusion is that TM spans influence CEACAM ectodomain structures, and hence the activating function, of the binding interaction between CEACAM and S proteins. We do not favor this possibility, as the binding of MHV particles to either GPI-or TM-anchored CEACAMs were indistinguishable (Fig. 6C) . Furthermore, entirely soluble forms of the CEACAMs can function to activate S-mediated fusion (81) , indicating that membrane anchors are not required in this process. Biophysical considerations lead us to the alternative suggestion that membrane fusion might be suppressed in the raft environment, because there are few fusion-promoting glycerophospholipids in these regions (77) . This hypothesis can be addressed with MHV-liposome fusion assays in which target lipid compositions can be readily adjusted. Such assays are planned, but at present our findings with HeLa cells suggest that MHV entry can at least occur in both raft and nonraft environments, making it likely that a narrowly defined target membrane composition is not absolutely required. Indeed, CEACAMs exist in a variety of tissue-specific isoforms (74) , likely partitioning variably in vivo into raft-like microdomains, and thus in considering lipid requirements, a relatively lenient membrane fusion activity might be necessary for expansive polytropic coronavirus infections. Our finding that cells with GPI-anchored CEACAMs are more responsive to fluctuations in cellular cholesterol content during MHV infection than TManchored CEACAMs (Fig. 8C) suggests that the local lipid environment surrounding CEACAMs can influence infection.
Potential roles for cholesterol during S-mediated fusion. It has been shown that soluble CEACAM receptors can mimic authentic membrane-anchored forms, bind virion S proteins, and induce conformational changes that lead to S-mediated membrane fusion (50) . While the nature of these conformational changes is not yet clear, it is known that soluble CEACAM forms bind S1 fragments (43) , resulting in changes in the stability of S1-S2 association (42) and alternative S1 oxidation states (45) . We assume that additional, perhaps more crucial structural changes must occur in S proteins prior to membrane fusion. To link the virion and cell, a hydrophobic fusion peptide in the integral-membrane S2 chain (47) must intercalate into target membranes. Here there may be a requirement for cholesterol in the target membrane, similar to that observed for the Semliki Forest virus and Sindbis virus alphaviruses (2, 84) . Also, this single polypeptide must change its structure in a way that brings virion and cell membranes into close proximity (76) . This latter event may have parallels with those of retroviruses and myxoviruses, as there are predicted alpha helical regions, so-called heptad repeats, in membraneproximal S2 that may collapse into coiled-core cores concomitant with membrane coalescence (8, 75) . Cholesterol requirements can also be hypothesized at this stage, as newly formed pores between bilayers are stabilized by membrane cholesterol (66) . In these views, cholesterol would act as a direct entry cofactor and not as an agent that clusters CEACAMs into raft-like microdomains. A direct role for cholesterol was demonstrated during CEACAM-independent membrane fusion (Fig. 9) . Furthermore, essential cholesterol molecules exist near CEACAM receptors, but they need not be present in proportion with the sphingolipids required to create what is operationally defined as lipid rafts, namely, TX-100-insoluble membrane bilayers (11) . These concepts mirror the results of recent in vitro studies of Semliki forest virus, where its fusion with liposomes did indeed require cholesterol and sphingolipids, but not in the proportions that produced liposome-associated lipid rafts (84) . Our findings suggest that lipids such as cholesterol act independently or in cooperation with CEACAMs to promote coronavirus cell entry.
